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Newborn, strongly magnetized neutron stars (so-called magnetars) surrounded by their stellar
or merger ejecta are expected to be sources of ultrahigh-energy neutrinos via decay of mesons
produced in hadronic interactions of protons which are accelerated to ultrahigh energies by magnetic
dissipation of the spindown energy. We show that not only pions and kaons but also charm hadrons,
which are typically neglected due to their small production cross sections, can represent dominant
contributions to neutrino fluence at ultrahigh energies, because of their short lifetimes, while the
ultrahigh-energy neutrino fluence from pion and kaon production is suppressed at early times due to
their significant cooling before their decay. We show that the next-generation detectors such as Probe
Of Extreme Multi-Messenger Astrophysics (POEMMA), Giant Radio Array for Neurtino Detection
(GRAND) and IceCube-Gen2 have a good chance of observing neutrinos, primarily originating
from charm hadrons, from nearby magnetars. We also show that neutrinos from nearby magnetar-
driven merger novae could be observed in the time interval between 102 s and 103 s, where the
charm hadron contribution is dominant for neutrino energies above 108 GeV, of relevance to next
generation detectors. We also comment on potential impacts of the charm hadron contribution to
the diffuse neutrino flux.
I. INTRODUCTION
Magnetars are neutron stars with the highest magnetic
fields in the Universe [1–3]. For fast rotating magnetars
with initial periods Pi ∼ 1 ms at birth, one can can
expect magnetic fields as high as 1014 − 1016 G, due to
the amplification of the field by a dynamo mechanism
[4, 5], although a significant fraction of the magnetars
may be explained by the fossil field hypothesis [6].
The rotational energy can be extracted in a form of the
Poynting energy and fast-rotating neutron stars or mag-
netars may provide a site for efficient ultrahigh-energy
cosmic-ray (UHECR) acceleration [7]. These cosmic rays
do not escape the supernova (SN) ejecta, rather lose
their energy, through pp and/or pγ interactions, to sec-
ondary particles. For example, secondary particles such
as charged pions are produced, which then decay to high-
energy neutrinos. Previous studies on neutrino produc-
tion in magnetars mainly considered pion decays, [8–11]
where the pions come from pp and pγ interactions (but
see also Ref. [12]). In this work, we focus on magnetar
scenarios where pp interactions dominate at early times
and in addition to pion decays, we also consider kaon de-
cays and charmed hadron decays as the sources of neutri-
nos. Typically, charm production in various astrophys-
ical scenarios can be neglected because its production
cross section is small when compared to pion/kaon pro-
duction, however, it may not always be the case as con-
sidered for choked gamma-ray burst jets [13, 14] (but see
also Ref. [15]). In magnetars, for energies above O(109)
GeV, pions and kaons are subject to strong cooling due to
interactions with surrounding protons and photons, while
charmed hadrons decay promptly without any significant
energy loss. If sufficient cooling is present, 1012 GeV.
prompt decays of charm hadrons can dominate the neu-
trino fluence at ultrahigh energies. We show that charm
hadron contributions become important in the context
of next generation detectors, such as IceCube-Gen2 [16],
Probe Of Extreme Multi-Messenger Astrophysics (PO-
EMMA) [17] and Giant Radio Array for Neurtino Detec-
tion (GRAND) 200k [18], which are sensitive to 109 GeV
- 1011 GeV neutrinos. These detectors could potentially
observe neutrinos from magnetars.
The organization of this paper is as follows. We first
introduce the magnetar model and its UHECR injection
spectrum, and then formulate hadron production and
subsequent decay into neutrinos. We then present our
results for a nearby magnetar, showing how charm con-
tributions are dominant at the highest energies. We scan
the magnetar parameter space to find where we can get
significant charm contributions to the neutrino fluence.
We also consider not only the magnetar-driven supernova
scenario but also the magnetar-driven merger nova sce-
nario, where charm contributes the most to the fluence at
the highest energies, but where pion and kaon decays are
still significant sources of neutrinos at lower energies. We
evaluate the diffuse neutrino flux from these two scenar-
ios. The appendices include details for charm production
and the meson leptonic and semileptonic decay formulas
used in our evaluations.
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2II. METHODS
The origin of UHECRs at energies of & 109.5 GeV has
been an enigma for more than fifty years. The UHE-
CRs around 109 GeV are comprised mostly of protons,
whereas at even higher energies the mass composition of
UHECRs may be dominated by intermediate or heavy
nuclei. However, there are significant uncertainties that
come from hadronic interactions and UHECR measure-
ments (see, e.g., Refs. [19, 20] for reviews).
In what follows, we assume that the UHECRs acceler-
ated in newborn magnetars are protons. See Ref. [10] for
discussion in the case of the nuclear composition. UHE-
CRs from the newborn magnetars are mostly depleted
unless the ejecta is punctured, so the maximum neu-
trino fluence is not much affected. We evaluate neutrino
injection rates from a given proton injection spectrum
dNp/dEp by calculating the particle spectra of the chain
pp → hX → νY , where h is a hadron (pion, kaon and
charmed hadron) that decays into neutrinos. The initial
proton spectrum is a time-dependent function that de-
pends on the magnetar’s parameters, e.g., the magnetic
field, radius, initial period, moment of inertia, efficiency
of acceleration and shock velocity, as discussed in the
next section. The hadronic spectrum dNh/dEh can be
obtained from the initial proton spectrum at the source
and the proton-proton differential cross section that gives
Fpp→h, the hadron production spectrum. The neutrino
spectra are obtained by decaying these hadrons.
In this paper we make a distinction between the
particle injection rates dN/dE with dimensions of
energy−1time−1 (the differential dt is omitted) and the
spectrum Fi→f of the final product of a single i → fX
collision or decay.
A. Magnetar environment
To determine the proton injection spectra, we start by
considering properties of the magnetars and their mecha-
nism for accelerating protons to high energies. The mag-
netar consists of a rapidly rotating neutron star, with an
initial angular frequency Ωi = 2pi/Pi and initial period
Pi ∼ 1 ms. Neutron stars are known to spin down, and
their rotational energy is carried by the wind and used
to accelerate particles.
The spindown luminosity at time t is given by
L(t) =
B2NSR
6
NSΩ
4
i
4c3
(1 + sin2 χ)
(
1 +
t
tsd
)−2
' 1.5× 1050erg s−1B2NS,15R6NS,6Ω4i,4
×(1 + t/tsd)−2 , (1)
where χ is the angle between the rotation and magnetic
axes. Note that the above formula based on magneto-
hydrodynamics simulations [21–23] is analogous to the
well-known vacuum dipole formula. Our numerical val-
ues are obtained with 〈sin2 χ〉 = 2/3. Throughout our
work, for a quantity Q we define Qx = Q/10
x, where Q
is given in CGS units. The only exception to this con-
vention are the ejecta masses M , where Mx = M/M.
From Eq. (1), it follows that for t tsd, the luminosity
will decrease as t−2 and does not depend on Ωi, since the
spindown time tsd depends on Ω
−2
i . In particular, for a
neutron star with magnetic field BNS, radius RNS and
moment of inertia I, the spindown time is [24]
tsd =
6Ic3
5Ω2iB
2
NSR
6
NS
' 102.5 s I45B−2NS,15R−6NS,6Ω−2i,4 . (2)
As noted above, we assume a proton composition of
cosmic rays, and for simplicity, we assume that all accel-
erated protons at t have a monotonic energy [7, 8]
EM (t) =
facceBNSR
3
NS
2c2
Ω2i
' 1.3× 1013 GeV facc,−1BNS,15R3NS,6Ω2i,4
× (1 + t/tsd)−1 , (3)
where facc parametrizes the efficiency of the acceleration
process.
We assume that the proton injection rate is determined
by the Goldreich-Julian rate [25], in which the proton
injection rate spectrum at t is written as
dNp
dEp
=
BNSR
3
NSΩ
2
i
ec(1 + t/tsd)
δ[Ep − EM (t)], (4)
which roughly gives
dNp
dEp
∼ 7× 1039 GeV−1 BNS,15R3NS,6Ω2i,4
(1 + t/tsd)
−1δ[(Ep − EM (t))/GeV]. (5)
In the limit t  tsd, we see that EM (t) ∝ t−1 and is
independent of Ωi. The time integration of dNp/dEp
gives a proton time-integrated injection spectrum that
scales as E−1p [8].
1. Magnetar-driven supernovae
At the birth of the magnetar, the supernova ejecta
propagates outward with speed βejc. We estimate the
SN ejecta radius as
rej ≈ βejct ' 1013.5 cm βej,−1t4. (6)
Note that, in general, βej may depend on time, but we
take it to be time independent for simplicity. The nucleon
density in the ejecta is assumed to be homogeneous, such
that nN = 3Mej/(4pir
3
ejmp), where Mej is the ejecta mass
and mp is the proton mass. We may assume that the
supernova ejecta masses may typically lie between 10M
and 35M [26].
32. Magnetar-driven merger novae
Rapidly rotating magnetars could be born at the
merger of low-mass neutron star binaries. At the merger,
a significant amount of the mass would be ejected by dy-
namical interactions and/or disk winds. Typical ejecta
masses lie in the range 10−2M-10−1M solar masses
[27].
In the merger case, the rotational energy can be used
to accelerate the ejecta. Thus, the ejecta speed βej is
time dependent in general, and is found by solving
Γej(βej)Mejc
2 = Γej(βej,0)Mejc
2 +
∫ t
0
L(t)dt, (7)
where Γej(β) = (1− β2)−1/2 is the Lorentz factor of the
ejecta. We then calculate the ejecta radius
rej(t) =
∫ t
0
β(t′)cdt′, (8)
which determines the time-dependent nucleon density
nN = 3Mej/(4pir
3
ejmp).
B. Hadronic spectrum
The hadronic spectrum at the source depends on the
hadronic spectrum from a single pp interaction, Fpp→h,
which is given by
Fpp→h(Eh, Ep) =
1
Ep
1
σpp(Ep)
dσ
dxE
(Eh, Ep), (9)
where σpp(Ep) is the total inelastic pp cross section, and
xE = Eh/Ep, where Eh is the hadron energy and Ep is
the proton energy in the lab frame. The time-dependent
hadronic spectrum at the source is found via convolution
of Eq. (9) with the proton injection rate:
dNh
dEh
(Eh) =
∫ ∞
Eh
dEp
dNp
dEp
Fpp→h(Eh, Ep). (10)
We include h = pi, K and charm hadrons h =
D0, D±, Ds, Λc.
We use SIBYLL 2.3c [28–30] to calculate the differen-
tial cross sections dσ/dxE for pp → piX and pp → KX
interactions. Recent accelerator measurements, includ-
ing ones from LHC at
√
s = 13 TeV, have been used to
improve hadronic interaction modeling in SIBYLL 2.3c
compared to earlier versions.
For charmed hadron production, we use the relation
between differential energy distributions of the charm
quark and charmed hadron (see, e.g., Ref. [31, 32]),
dσ
dxE
(xE , Ep) =
∫ 1
xE
dz
z
dσ
dxc
(xc, Ep)D
h
c (z), (11)
where xc = Ec/Ep = xE/z, dσ/dxc is the pN → cX
production cross section and Dhc is the fragmentation
function. The quantity xE translates to the hadron en-
ergy by Eh = xEEp. We use the fragmentation func-
tion Dhc of Kniehl and Kramer [33]. This fragmentation
function was also used, for example, in the evaluation
of the prompt atmospheric neutrino flux from charm in
ref. [31, 32]. The fragmentation function includes the
corresponding fragmentation fractions for charm quarks
to fragment into D+, D0, D+s and Λ
+
c , equal to the frag-
mentation functions for antiquarks to the corresponding
antiparticle hadrons [34].
There are large uncertainties in the theoretical pre-
dictions of hadronic production of charm. The strong
interaction corrections depend on powers of the strong
coupling constant, evaluated at characteristic energy
scales comparable to the mass of the produced quark.
The charm quark mass mc, taken here to be 1.3 GeV,
means that the theoretical uncertainties are large, even
in the next-to-leading order (NLO) QCD evaluation in
the collinear parton model [35–37].
Another source of uncertainty at high energies is the
fact that the neutrino fluence from charm contributions
depends on the small momentum fraction (small-x) par-
ton distribution functions (PDFs), especially the gluon
PDF, of relevance to evaluating dσ/dxE in Eq. (9). At
these high energies, the values of x probed in the pp in-
teractions are extremely small, beyond the range which
was probed in the high energy accelerators. Thus the
PDFs are largely unconstrained in this region and need
to be extrapolated. One theoretical approach to small-x
PDFs is the kT -factorization framework [38–41] in its lin-
ear formulation that accounts for resummation of large
logarithms ln(1/x), and in its non-linear formulation that
also accounts for saturation effects [42] of the gluon den-
sity at very small-x.
In the results shown here, we perform a NLO QCD
evaluation of dσ/dxc in the collinear approach. This is
our central result, which is in reasonable agreement with
SIBYLL after fragmentation is included. We also evalu-
ate the differential cross section for charm production in
the kT factorization framework with linear and non-linear
evolution of the gluon PDF density. Details are included
in appendix A. The result is that the span of predictions
is a factor of ∼ 1/3 − 3 of the central NLO QCD curve
for most of the range of xE values. This factor of 1/3−3
uncertainty is represented by the shaded blue band in the
results from charm shown below. We discuss the evalu-
ation of the charmed hadron contribution in more detail
in appendix A.
Inside the ejecta, hadrons will interact with the am-
bient protons, leading to hadronic cooling. Since the
magnetic field in the SN shock is weak, we neglect syn-
chrotron losses. We account for hadronic cooling by com-
paring the cooling timescale tcl to the decay timescale
thdec = Ehτh/mh, where τh is the lifetime of the hadron.
For example, the pion cooling timescale is given by
tcl ≈ tpiN ≈ (κpipσpipnNc)−1, where σpip is the pion-
proton inelastic cross section and κpip is the average in-
elasticity. We can then modify the hadronic injection
4rate with a cooling factor 1− exp(−tcl/thdec). Analogous
expressions are obtained for kaon and charmed hadron
cooling timescales. The pip, Kp inelastic cross sections
are obtained from SIBYLL, while the charmed hadron-
proton cross sections are assumed to be equal to the Kp
cross section. The typical energy range of interest is
1010 GeV-1012 GeV. The inelasticities are assumed to
be energy-independent, with κhp = 0.8 for all hadron-
proton interactions, including for charmed hadrons.
The hadronic injection rates are also modified by
the effective optical depth of the pp reaction, which
is fpp ≈ κppσppnNrej ' 5.7 × 104Mej,1β−2ej,−1t−24 for
σpp ∼ 10−25 cm−2 and κpp ∼ 0.5 in the case of a magne-
tar driven supernova. The modification of the hadronic
injection rate is thus
dNh
dEh
(Eh) −→ fpp dNh
dEh
(Eh)
[
1− exp
(
− tcl
thdec
)]
. (12)
Cooling in the merger case is treated in a similar fash-
ion. Secondary pion production from pip interactions are
neglected, which can affect the spectra by a factor O(1)
at earlier times [8].
C. Hadronic decays
We turn next to hadronic decays into neutrinos. The
neutrino spectra from two-body pion and kaon leptonic
decays are well documented (see, e.g., Ref. [43]). The
time-dependent neutrino spectrum from hadronic lepton
or semi-leptonic decays is of the form
dN
dEν
(Eν) =
∫
dEh
dNh
dEh
Fh→ν(Eν , Eh), (13)
where Fh→ν(Eν , Eh) is the decay spectrum of the neu-
trino from hadron h. The details for h = pi, K are col-
lected in appendix B, and those for charm decays are in
appendix C.
For pions, only the two-body decays are relevant. Lep-
tonic decays of kaons are included, but contributions
from other kaon decay modes, namely the hadronic mode
K+ → pi+pi0 followed by pi+ → νµµ+, and the semilep-
tonic decay mode K+ → pi0e+νe are neglected. The
hadronic kaon decay mode contribution to the neutrino
spectrum is suppressed by cooling factors. The suppres-
sion of secondary decay contributions in the context of
the atmospheric lepton flux is illustrated in, for example,
Ref. [44]. Contributions from the semileptonic charged
kaon decay modes are suppressed by the branching ratio.
Muons accompany muon neutrinos in the decays. We
include µ → νµ contributions given the muon spectrum.
In charged pion decays, most of the energy is carried by
the muon. The differential neutrino spectrum from the
h→ µ→ ν chain, in the absence of cooling, is
dNν
dEν
(Eν) =
∫ ∞
Eν
dEµ
∫ Emaxh
Eµ
dEh
dNh
dEh
(Eh) (14)
× Fh→µ(Eµ, Eh)Fµ→ν(Eν , Eµ) .
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FIG. 1: All-flavor neutrino light curve E2ν φ˙ν at Eν = 10
9 GeV
of a magnetar at a distance of 3.5 Mpc. The spindown time is
marked by the dashed green line and the charm uncertainty
factor of 1/3–3 around the central curve is given by the shaded
blue region. For the case of neutrinos from pion (kaon) decay,
we include an additional dashed red (black) curve to isolate
the νµ component from pi
+ (K+) → µ+νµ and charge conju-
gate, without taking into account the contributions from the
muon decay.
For the case when h = pi, Fpi→µ is the muon distribution
from pion decay which depends on the energy of pion,
and Fµ→ν is the neutrino distribution from muon decay
which depends on muon energy. The maximum hadron
energy Emaxh is provided in Appendix B.
In two-body decays like pi → µν, the neutrino spec-
trum from µ → ν depends on the muon polarization
hpi→µ in Fµ→ν , which in turn depends on the pion energy.
To account for hadronic cooling in pi → µ → ν, we find
the average polarization 〈hpi→µ〉 using the pion spectrum
at production. Muons will also cool in the supernova due
to µ collisions with nucleons, characterized by a cooling
timescale tcl ≈ (σeffµNnNc)−1, where σeffµN is the effective
cross section that includes energy losses due to pair pro-
duction, bremsstrahlung, and muon-nuclear interactions.
It also depends on the ejecta composition, and we take
σeffµN ∼ 10−29 cm2, likely on the larger size than the real-
istic value. But our results are insensitive to our choice of
σeffµN , affecting fluence contributions at early times only,
where cooling is significant. To account for this cooling,
we include a cooling factor of (1 − exp(−tcl/tµdec)) that
multiplies the muon spectrum at production. Detailed
formulas are included in appendix B.
For charmed hadron decays, we use an effective neu-
trino energy distribution approximating them by three-
body decays [32, 45]. The semi-leptonic charmed hadron
decay channels also include pions, kaons and muons that
decay to neutrinos, but their contributions to the over-
all neutrino spectrum can be neglected compared to the
contributions from pp → pi/K → ν processes because
the charmed hadron production cross section is already
small compared to the pion production cross section, and
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FIG. 2: All-flavor fluence of high-energy neutrinos of a nearby
magnetar at a distance of 3.5 Mpc, for different time intervals.
A band in the charm spectrum in the time interval 103 s –
1 yr is shown, spanning a factor of 1/3− 3 times the central
result.
in addition, any mesons or muons coming from charmed
hadron decays experience significant cooling.
III. RESULTS
A. Magnetar-driven supernovae
Our first magnetar model assumes Mej = 10 M, βej =
0.1, I = 1045 g cm2, BNS = 10
14.5 G, RNS = 10
6 cm and
facc = 0.1. The initial angular frequency is Ωi = 10
4
s−1, an optimistic value because its corresponding period
Pi = 0.6 ms is close to the minimum period of a neutron
star [47]. The associated spindown time is tsd = 10
3.5 s.
For the purposes of observation estimates, we consider a
nearby magnetar at a distance of d = 3.5 Mpc. We calcu-
late the neutrino injection rate dNν/dEν and convert it to
the observed single source flux φ˙ν = (1/4pid
2)dNν/dEν ,
where d is the source distance.
The neutrino optical depth can be estimated as τνN =
nNσνprej ' 3.1 × 10−2Mej,1β−2ej,-1t−24 , where we take
σνp ∼ 10−32 cm−2, which is the order of magnitude for
the neutrino-nucleon charged current cross section in the
109 GeV - 1010 GeV range. We can thus neglect neu-
trino attenuation effects in our calculations, except for
t < 103 s. Fortunately, for such early times, the flux
does not significantly contribute to the fluence. For this
work, we consider the all-flavor neutrino flux, so neutrino
oscillation effects are ignored. While we won’t separate
the fluxes from a single source by flavor, we will sepa-
rate it into its source components from pion, kaon and
charm, namely, φ˙ν,pi, φ˙ν,K and φ˙ν,c respectively. Similar
notations will be used when referring to the fluence and
the diffuse neutrino flux.
We show the neutrino light curves from pions, kaons
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Pion decay
Kaon decay
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IC
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GRAND 200k - δ= 45 ◦
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FIG. 3: Neutrino fluence in the interval 102−105 s compared
to the long burst sensitivities of various experiments. A band
in the charm spectrum is shown, spanning a factor of 1/3− 3
times the central result. The IceCube 90% CL upper limit on
the spectral fluence from GW170817 on a 14-day window [16]
(dotted brown line), while the IceCube-Gen2 curve is the 90%
sensitivity for an event at a similar position in the sky [16]
(dotted green line). The best 90% unified CL sensitivity per
energy decade for long bursts for POEMMA is given by the
dashed purple line, while its the purple band is the sensitivity
range over most portions of the sky [46]. The 90% CL sen-
sitivity for GRAND 200K in the optimistic case of a source
at declination δ = 45◦ is shown by the dashed yellow line,
and the yellow band is the declination-averaged sensitivity
0◦ < δ < 45◦ [18].
and charm at Eν = 10
9 GeV in Fig. 1. The spindown
time is indicated by the vertical dashed line. Here we
observe the expected pattern of neutrinos from charm
decay dominating first, followed by contributions of kaon
and pion decay at later times. We see that for t < tsd,
the charm flux is suppressed. In this regime, where we
can assume L(t) and EM (t) are time independent, the
large matter density leads to a short cooling time and the
charm injection rate is proportional to t3. In the case of
the kaon and pion components of the neutrino flux, we
have a t3 power law behavior below the spindown time
but approaches an approximate t2 power law above tsd.
This is because Eq. (10) has an inherent time depen-
dence for t > tsd, which can not be factored out of the
integral due to the presence of Ep in the spectral function
Fpp→h. We stress that this tail of the spectrum can be
significantly modified by secondary pion production and
cause a flatter spectrum.
The flux decrease in charm decay is related to both
the decrease in luminosity with time and the decrease of
dσ/dxE as Ep decreases with time. A similar pattern is
seen for pion and kaon components, but at t ' 5× 106 s
there is a sharp cutoff that is caused by the corresponding
cutoff in the pion/kaon flux due to Epi/K/Ep approach-
ing unity. Above t ≈ 105 s, we observe a small bump in
the pion flux, which is caused by the muon decay com-
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FIG. 4: Left panel: Contour plots where φ˙ν,pi + φ˙ν,K = φ˙ν,c at the injection time t = 10
4.5 s. We have also marked the line
where t = tsd. The lower limit in the period corresponds to the minimum spin period of a neutron star, Pi ∼ 0.6 ms [47].
The parameter space below the solid curves have φ˙ν,c > φ˙ν,pi + φ˙ν,K for a given energy. Right panel: Same as left panel,
but using the total fluence φ instead of the flux φ˙ at a fixed time. The parameter space to the right of the solid curves have
φν,c > φν,pi + φν,K for a given energy.
ponent that is no longer suppressed by its corresponding
muon cooling factor (see dashed red line in Fig. 1). This
feature is less prominent with kaons; contributions from
muon decays in this case are much smaller because they
come from the high yK = Eµ/EK region, where the dis-
tribution function is much smaller.
The all-flavor fluence, φν , scaled by neutrino energy
squared for the model is shown in Fig. 2, for three time
intervals. We observe that the pattern in Fig. 1 extends
over a wide energy range: pion and kaon fluxes are sup-
pressed below 104 s, when the neutrino flux is predomi-
nantly from charm decay. The most energetic protons are
accelerated at early times, where strong hadronic cooling
of pions and kaons occurs. Consequently, the neutrino
flux is dominated by charm decay at the highest energies,
followed by kaon decay and finally pion decay, in order
of their respective decay times. Unlike the neutrino light
curves, the time dependent proton energy cutoff effects
are not seen in Fig. 2 as they get smeared out by the
time integration, with the exception of the absolute cut-
off given by EM (t = 0), which lies outside the chosen
energy range.
For t > 105 s, the proton number density is very low
and cooling effects become negligible. At late times, we
see pion contributions dominating the neutrino fluence,
with a maximum of E2φν at 10
9 GeV for this model.
We expect the maximum value of E2φν from the pion
contribution to be at a lower energy than that from charm
because proton injection energy decreases with time.
We also varied the mass Mej to 20M and 30M and
compared the fluences with those of Fig. 2. In the time
interval 103 − 104 s, all fluxes are suppressed by approx-
imately the same factor above 109 GeV, while charm is
not very sensitive to Mej below this energy. At larger
times, fluence become less sensitive to mass. This in-
sensitivity manifests itself at lower energies first, where
decay time is shorter. The total fluence is very insensi-
tive to mass, and the fluence does not vary more than a
factor ∼ 2−3 because late time emissions contribute the
most to the total fluence, when the cooling time is very
large.
A separate all-flavor fluence calculation was made with
BNS = 10
15 G (other parameters remain the same). Our
results for t > tsd are in agreement with those of Ref. [8],
which use the same parameter set.
In Fig. 3 we compare the neutrino fluence, in the inter-
val 102 s - 105 s, with the sensitivities of various experi-
ments to a long burst. We show the IceCube 90% CL up-
per limit on the spectral fluence from GW170817 in a 14
day window [16] to illustrate IceCube’s current sensitiv-
ity. The projected 90% CL sensitivities for IceCube-Gen2
for a similar position in the sky (green dotted histogram)
[16], for POEMMA’s best case scenario (purple dashed
curve) and sensitivity range over most portions of the sky
(purple band) [46], and for GRAND 200K for the decli-
nation average over 0◦ < δ < 45◦ (yellow band) and for
δ = 45◦ (dashed yellow curve) [18] are also shown.
We see in Fig. 3 that the pion component can be de-
tected in IceCube in the 1 PeV - 10 PeV range, but the
kaon component will be below the sensitivity curve for
this model. IceCube Gen-2, however, would pick up all
the components above 108 GeV. If we have a magnetar
at a distance of 1 Mpc, POEMMA and GRAND 200K
can detect the charm component, although such an event
would be rare. In the case of a shorter burst of less than
103 s, where the POEMMA and GRAND 200K sensi-
tivities are better, we find that the fluence is not large
enough to reach these sensitivities.
We also studied the parameter sets where we can get
significant charm contributions. To do this, we look at
the BNS − Pi parameter space, keeping all other pa-
rameters listed at the beginning of the section fixed.
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FIG. 5: Neutrino fluence of a nearby neutron star merger at
a distance of 3.5 Mpc, in the interval 102 − 103 s, compared
to the short burst sensitivities of various experiments. The
IceCube 90% CL upper limit on the spectral fluence from
GW170817 on a ±500 s time window [16] is shown with a
dotted brown line, while the IceCube-Gen2 curve is the 90%
sensitivity for an event at a similar position in the sky [16]
(dotted green line). The best 90% unified CL sensitivity per
energy decade for short bursts for POEMMA is given by the
dashed purple line, while its the purple band is the sensitivity
range over most portions of the sky [46]. The 90% CL sensi-
tivity for GRAND 200K in the optimistic case of a source at
zenith angle θ = 90◦ is shown by the dashed yellow line [18].
For each (BNS, Pi) pair, we look at the energy where
φν,pi+φν,K = φν,c, that is, the energy where the neutrino
flux from pions and kaons falls below the neutrinos from
charm. We first look at these contours for t = 104.5 s,
which are shown in the left panel of Fig. 4. With a fixed
injection time, the cooling factors depend primarily on
the Lorentz factor Eh/mh because the hadron-proton in-
elastic cross section grows slowly with energy. Thus, the
proton energy becomes the relevant variable when scan-
ning the parameter space, as this determines the hadronic
spectrum. he region of BNS − Pi parameter space below
the solid curves have φ˙ν,c > φ˙ν,pi + φ˙ν,K for a given en-
ergy. The diagonal black dashed line in the left panel
of Fig. 4 shows t = tsd. To the left of the black dashed
line, the luminosity L(t) is constant and to the right, it is
proportional to t−2 (see Eq. (1)). As mentioned above,
for t  tsd the proton energy EM (t) becomes indepen-
dent of Pi, which is why we get the vertical lines on the
contours.
In the right panel of Fig. 4, we make a similar study
using the total fluence, where the region of BNS − Pi
parameter space to the right of the solid curves have
Φν,c > Φν,pi + Φν,K for a given energy. When comparing
fluence, the value of the tsd is important: strong mag-
netic fields and small values of Pi are preferred, as this
increases the proton energy and enhances the charm spec-
trum. Late time emission is dominated by pion and kaon
contributions, when t  tsd. It follows that these flu-
ences depend on BNS, but are independent of Pi (see
eq. (1) and eq. (3)). On the other hand, charm con-
tributions depend on both parameters, where smaller Pi
increases the proton energy and the luminosity at early
times, where charm production is relevant.
We emphasize that if the spindown time falls below 102
s, the neutrinos need to come from early decays, however,
at early times, the proton density is high enough to cool
even the charm hadrons. In addition, if the spindown
time is small as a result of a large BNS, the luminosity will
be much lower at later times because L(t) ∝ B−2NSt−2 for
t tsd (see Eq. (1)). We thus find that, while stronger
BNS is preferred to get a charm dominated flux at the
highest energies, such a choice would hinder our ability
to detect the neutrino flux.
B. Magnetar-driven merger novae
Another scenario of interest is neutrino production
from merger ejecta. We use I = 1045 g cm2, BNS =
1015 G, RNS = 10
6 cm, facc = 0.1 and Ωi = 10
4 s−1.
For the ejecta mass, we use Mej = 0.01 M and initial
speed βej,0 = 0.1. Changing the ejecta mass by a factor
of 2 has negligible impact on the fluence.
The ejecta is less massive than the magnetar case
and its speed increases with time, so cooling effects are
weaker. This allows for enhanced neutrino production at
earlier times, because charm hadrons will decay before
cooling. We see in Fig. 5 that, for a nearby merger,
next generation experiments could see the charm compo-
nent, within a 1000 s time window, for sources optimally
located for detection. The pion and kaon components,
on the other hand, are suppressed below the sensitivity
curve and would only be observable at later times.
IV. DISCUSSION
A. Diffuse neutrino intensity
The sources discussed in Section III will also contribute
to the diffuse neutrino flux. The corresponding all-flavor
diffuse neutrino flux, Φν is given by
Φν =
cfs
4pi
∫ zmax
0
R(z) dN
dE′
[E(1 + z)](1 + z)
∣∣∣∣ dtdz
∣∣∣∣ dz (15)
where R(z) is the local rate density of magnetar sources,
fsR(0), is a free parameter and its functional form can
be parametrized as [51]
R(z) = R(0)(1 + z)2.7 1 + [1/2.9]
5.6
1 + [(1 + z)/2.9]5.6
. (16)
We take fsR(0) = 500 yr−1 Gpc−3 in our evaluation be-
low. This value is consistent with observations as long
as not all of the supernova and merger events are bright.
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FIG. 6: Left panel: Magnetar-driven supernovae contributions to the all-flavor diffuse neutrino flux. The red error bars show
the results of the IceCube 6-year HESE analysis, obtained by multiplying the per-flavor neutrino flux in Ref. [48] by a factor of
3. The green error bars correspond to the IceCube 6-year shower analysis [49]. The 5-year IceCube-Gen2 sensitivity is shown
by the red band [16], while the 10-year GRAND200k sensitivity is shown by the yellow curve and is scaled from the 3-year
sensitivity [18]. The orange curve is the IceCube nine-year 90% CL EHE diffuse flux upper limit [50]. Right panel: Same as
the left panel, showing instead magnetar-driven merger novae contributions to the diffuse neutrino flux.
The prefactor fs takes into account effects from pair load-
ing, particle acceleration mechanisms and other phenom-
ena that could affect flux normalization. The derivative
|dt/dz| is∣∣∣∣ dtdz
∣∣∣∣ = 1H0(1 + z)√ΩM (1 + z)3 + ΩΛ , (17)
with ΩM = 0.3, ΩΛ = 0.7 and H0 = 67 km s
−1 Mpc−1.
Contributions to the diffuse flux are shown in Fig. 6.
We include the results from the IceCube six-year HESE
[48] and six-year shower [49] analyses. The diffuse flux
sensitivities for IceCube-Gen2 (5-year) [16] and GRAND
200K (10-year) [18] are shown by the red band and yellow
curve, respectively, while the IceCube extremely-high-
energy (EHE) diffuse flux upper limit (9-year) is shown
by the orange curve. For both magnetar-driven super-
novae and merger novae, we see that charm decay does
not significantly contribute to the diffuse flux, because
the flux is dominated by pion decay at late times. The
fluxes for both types of supernovae and merger novae
can remain below current IceCube limits if the rate is
fsR(0) = 500 yr−1 Gpc−3, and next-generation detec-
tors can see the pion component up to Eν ∼ 1010 GeV.
In the case of merger novae, cooling at early times is not
as strong as the supernova case. At times t > 104 s, pions
and kaons will decay before cooling, and will contribute
significantly to the fluence, even at the highest energies.
For magnetar-driven supernovae, the separation between
charm and pion components is more pronounced, but the
diffuse flux from charm hardon decay is not sufficiently
high to be detected by IceCube-Gen2.
We point out that, for both scenarios, there is some
tension between our models and the IceCube EHE lim-
its, because the model dependent limits would be more
stringent than the differential limit shown in Fig. (6) [50].
However, given model uncertainties such as the local rate
density, one can evade these constraints.
B. Effects of the photomeson production
One of the possible caveats of this work is that we
ignore the photomeson production. Details are model
dependent and in principle depend on two kinds of
radiation fields. One is radiation thermalized in the
ejecta, while the other is thermal or nonthermal radi-
ation from the wind bubble. If the radiation is ther-
mal, the ejecta temperature is estimated to be kT ≈
0.4 keV E1/4rad,51(βej/0.1)−3/4(t/1000 s)−3/4, where Erad is
the radiation energy. The photomeson production opti-
cal depth is given by [8]
fpγ ≈ κpγσpγnγRej
' 380 (Erad/1051 erg)3/4(βej/0.1)−5/4
× (t/104 s)−5/4, (18)
where κpγ ∼ 0.2 is the inelasticity and σpγ is the pho-
tomeson production cross section. This can be compared
to the effective pp optical depth, which is given by
fpp ≈ κppσppnejRej
' 5.7× 104 (Mej/10 M)(βej/0.1)−2
× (t/104 s)−2, (19)
where κpp ∼ 0.5 is the inelasticity and σpp is the pp cross
section. Thus, as long as energy injected by the central
engine is thermalized, interactions with baryonic matter
9are more important at early times. The transition occurs
at
ttr ∼ 8×106 s (Mej/10 M)4/3(Erad/1051 erg)(βej/0.1)−1.
(20)
This implies that our results on the charm contribution
are unlikely to be affected even if the thermal radiation
field is included. This is because energy losses due to
inelastic pp collisions are dominant in the early phase
during which the charm contribution is dominant at the
highest energies.
In addition, nonthermal particles may be generated at
the termination shock inside the magnetar nebula (e.g.,
Refs. [52–54]). Analogous to the Crab pulsar wind neb-
ula, a significant fraction of the Poynting energy could
be dissipated. If this is the case, the thermalization
in the nebula matters, which could happen if the neb-
ular Thomson optical depth satisfies τnbT & β−1nb , i.e.,
t & 2 × 104 s M1/2nb,−7β−1/2nb,−1, where Mnb is the nebular
mass and βnb is the nebular velocity. For example, in the
merger case, this can happen if almost all the spindown
energy is dissipated with the production of electron-
positron pairs (see Ref. [12] for such a case). Then, the
model would need to be adjusted to include contribu-
tions from pγ interactions, where charmed hadrons are
not produced. However, such a situation can be realized
only if the nebula is compact, in which the most of the
thermalization occurs in the ejecta. Details depend on
the magnetization and pair-loading of the wind that are
uncertain. Also, if only a fraction of the spindown energy
is dissipated in the nebula [55], our assumptions can be
justified. Note that our setup for the calculations is sim-
ilar to those in the previous works [10, 11]. See Fig. 1
of Refs. [8] for effects of the photomeson production (see
also Ref. [12] for the merger case).
V. CONCLUSIONS
We presented a study of ultrahigh-energy neutrino pro-
duction by newborn magnetars, accounting for pion, kaon
and charmed hadron production from pp interactions in
the supernova and merger ejecta. The charm compo-
nent was obtained in the QCD calculation at NLO ac-
curacy, together with an uncertainty band, a factor of
1/3− 3 around the NLO QCD flux that encloses the re-
sults obtained from kT factorization approaches and the
SIBYLL Monte Carlo simulations. The evolution of the
proton injection spectrum and the ejecta expansion was
included in the calculations, as well as the energy de-
pendence of the various production cross sections. Using
a benchmark parameter set, we found that for neutrino
energies above 109 GeV, charm contributions are much
higher than the pion and kaon contributions at early
times because hadronic cooling suppresses the neutrino
fluxes from these latter contributions. When t > tsd,
the relative importance of kaon contributions increases
as the ejecta’s proton density decreases, followed by the
pion contributions, in line with our expectations based on
their lifetimes. The highest energies, above 1010 GeV, are
dominated by charm contributions, essentially indepen-
dent of pion/kaon contributions, and come from the most
energetic protons which are injected at times t < tsd.
We found that for BNS = 10
14.5 G and Pi = 2pi× 10−4
s, IceCube-Gen2 is projected to be sensitive to the
charm component of the all-flavor neutrino fluence from
a nearby magnetar at a distance ∼ 3.5 Mpc, for locations
such as that of GW17081. POEMMA and GRAND200k
would be sensitive to such an event if it was located at a
distance of ∼ 1 Mpc. For the benchmark magnetar pa-
rameters, the accompanying pion and kaon contributions
to the neutrino fluence at energies below 109 GeV could
also be observed by IceCube (pion only) and IceCube
Gen-2 (both).
We scanned the Pi − BNS parameter space, to see
at what energy the charm contributions to the neutrino
flux overcome those of pions and kaons. Stronger mag-
netic fields and shorter periods are preferred, as this in-
creases the proton energy at early times. However, these
choices reduce the spindown time and cause cooling of
charm hadrons, reducing their flux contributions below
POEMMA and GRAND sensitivity curves.
In the case of a nearby neutron star merger, we found
that neutrinos from charm hadron decay are likely to be
observed by next generation detectors, within a time win-
dow of ∼ 1000 s, without the accompanying lower energy
neutrinos from pion and kaon decays. Both magnetar-
driven supernovae and merger novae neutrino fluxes are
consistent with IceCube’s diffuse flux measurements.
Newborn magnetars have been expected to be the
promising sources of gravitational waves, which is espe-
cially the case in the merger scenario (see Ref. [56] for a
review). Even for the magnetar-driven supernova case,
gravitational waves from a nearby event may be detected
by current and future detectors if a magentar is deformed
and/or subject to instabilities [54]. Our model demon-
strates that newborn magnetars are interesting targets
for multimessenger searches with gravitational waves and
ultrahigh-energy neutrinos, as well as electromagnectic
waves.
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Appendix A: Charm production
In this Appendix, we include some of the details of our
evaluation of charm production. The spectrum of neu-
trinos from charm hadron decays begins with the energy
distribution of these hadrons in pp collisions, dσ/dxE to
evaluate Fpp→h in Eq. (9). The charm quark distribution
is evaluated in NLO QCD collinear approach [35–37], and
with the kT factorization formalism [38–41]. In the latter
case, calculation was based on the approach developed in
[32, 57] and two scenarios were considered for the evolu-
tion of the unintegrated parton density, the linear case
as well as the non-linear case which includes corrections
due to the large parton density [58]. The unintegrated
densities from [59] were used, which were fitted to the
inclusive HERA data. The charm quark distribution is
then fragmented using fragmentation functions Dhc . In
Eq. (11), the fragmentation function Dhc used is that of
Kniehl and Kramer [33],
Dhc (z) =
Nz(1− z)2
[(1− z)2 + z]2 , (A1)
with the fit parameters given in Table I. This
parametrization of the fragmentation functions is also
used in the evaluation of the prompt atmospheric neu-
trino flux from charm in ref. [31, 32]. The constant N
for each hadron H includes the fragmentation fractions
fH for each particle [34]: fD0 = 0.606, fD+ = 0.244,
fD+s = 0.081 and fΛ+c = 0.061.
Particle N 
D0 0.577 0.101
D+ 0.238 0.104
D+s 0.0327 0.0322
Λ+c 0.0067 0.00418
TABLE I: Parameters for the charm quark fragmentation
function [33]. The factor N is scaled to reproduce the frag-
mentation fractions of Ref. [34].
As a representative case, in Fig. 7 the distribution
xEdσ/dxE for xE = ED0/Ep for three QCD approaches:
linear and non-linear kT factorization and NLO QCD
collinear calculation for protons with energy Ep = 10
11
GeV incident on a fixed proton target. Also shown are
the SIBYLL 2.3c xE distributions for the D
0. The blue
band shows a factor of 1/3−3 of the NLO QCD collinear
result, representative of the range of theoretical uncer-
tainties in the prediction for charm meson production.
The band includes the predictions from the other three
approaches, except at very large xE . There, the predic-
tions differ more, and the small parton-x extrapolation
of the parton distribution functions in the collinear par-
ton model show an effect. This very large xE region does
not make a significant contribution to the neutrino flu-
ence. The blue uncertainty band in fig. 7 is translated
to neutrino fluence calculations from charm production
and decay.
Appendix B: Meson leptonic decay formulas
For completeness, we include in this appendix the ba-
sic equations for the pion decay chain [43, 60, 61]. The
leptonic kaon decay chain formulas are identical, after
substituting mpi → mK and multiplying the resulting
spectrum by the K → µν¯µ decay branching fraction of
0.636.
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xE =Eh/Ep
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104
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E
d
σ
/d
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pp→D 0X, Ep = 1011 GeV
NLO QCD
SIBYLL
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non-linear kT
FIG. 7: As a function of xE = ED0/Ep, the differential distri-
bution of D0 mesons produced in collisions of protons with Ep
incident of fixed target protons for Ep = 10
11 GeV. The four
curves show the evaluation using NLO QCD, the linear and
non-linear kT formulations and the SIBYLL result. The blue
band spans a factor of 1/3− 3 times the NLO QCD result.
For the two-body decay of ultrarelativistic pions, the
spectrum of the final product given by
dN`
dE`
(E`) =
∫ E`pimax
E`pimin
dEpi
dNpi
dEpi
Fpi→`(E`, Epi) , (B1)
where ` = µ, ν. In fact, the decay spectra for the 2 body
pion decays are
Fpi→µ(Eµ, Epi) = Fpi→ν(Eν , Epi) =
1
Epi
1
1− λpi . (B2)
for λpi = (mµ/mpi)
2. The kinematic constraints are that
Eµ/Epi > λpi and Eν/Epi < 1− λpi, so
Eνpimin = Eν/(1− λpi) (B3)
Eνpimax = Ep (B4)
Eµpimin = Eµ (B5)
Eµpimax = Eµ/λpi . (B6)
The differential neutrino spectrum from the pi → µ→
ν chain in the absence of cooling is
dNν
dEν
(Eν) =
∫ ∞
Eν
dEµ
∫ Eµ/λpi
Eµ
dEpi
dNpi
dEpi
× Fpi→µ(Eµ, Epi)Fµ→ν(Eν , Eµ) (B7)
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where the three-body decays yield the distributions [43,
60]
Fµ→ν(Eν , Eµ) =
1
Eµ
[
G0
(
Eν
Eµ
)
+ hpi→µ
(
Eµ
Epi
)
G1
(
Eν
Eµ
)]
(B8)
for the neutrino spectrum from muon decay, where hpi→µ
is the µ− polarization in pi− decays, with
hpi→µ(xµ) =
1 + λpi
1− λpi −
2λpi
(1− λpi)xµ , (B9)
where xµ = Eµ/Epi. Eq. (B8) holds for µ
+ decay with
hpi→µ → −hpi→µ and the identical sign change in (B9),
so the νµ distribution from pi
− → µ− → νµ is identical to
the distribution of ν¯µ from pi
+ → µ+ → ν¯µ, and similarly
for the electron neutrino and antineutrino distributions
from the muon decay. The formulas for G0 and G1 for
µ− are summarized in Table II.
µ→ να G0(y) G1(y)
νµ
5
3
− 3y2 + 4
3
y3 1
3
− 3y2 + 8
3
y3
ν¯e 2− 6y2 + 4y3 −2 + 12y +−18y2 + 8y3
TABLE II: Functions used in Eq. (B8) to calculate the neu-
trino spectrum from µ− decay.
Here we note that the polarization of the muon is de-
termined at production, but the neutrino spectrum is
determined when the muon decays, which happens after
muon cooling.
To include cooling, we define the average polarization
〈hpi→µ〉 =
∫
Eµ/λpi
Eµ
dEpi
h(Eµ/Epi)
Epi(1− λpi)
dNpi
dEpi
∣∣∣∣
prod
(Epi)∫
Eµ/λpi
Eµ
dEpi
1
Epi(1− λpi)
dNpi
dEpi
∣∣∣∣
prod
(Epi)
,
(B10)
where dNpi/dEpi |prod is the pion spectrum at production
(i.e., cooling effects are ignored). The neutrino spectrum
is thus given by the formula
dNν
dEν
=
∫ ∞
Eν
dEµ
dNµ
dEµ
(
1−exp
(
− tcl
tµdec
))
〈Fµ→ν〉, (B11)
where dNµ/dEµ is found from Eq. (B1), with the cool-
ing factor for the pion included in dN/dEpi and the func-
tion 〈Fµ→ν〉 is given by Eq. (B8) with the substitution
hpi→µ → 〈hpi→µ〉. This is valid under the assumption
that the muons are not depolarized.
Appendix C: Semileptonic decay formulas
Semileptonic decay distributions as a function of neu-
trino energy are approximated by three-body decay for-
mulas [32, 62] with effective final state hadronic mass [45],
derived from the pseudoscalar three-body semileptonic
decay to a lighter pseudoscalar meson, such as D → Klνl.
Neglecting lepton masses, the distribution is of the form
Fh→ν(Eν , Eh) = F˜h→ν(y)/Eh where y = Eν/Eh, with
F˜h→νl(y) =
1
D(λh)
[
6(1− 2λh)(1− λh)2 − 4(1− λh)3
−12λ3h(1− λh) + 12λ2hy − 6(1− 2λh)y2
+4y3 + 12λ2h ln((1− y)/λh)
]
, (C1)
and
D(λh) = 1− 8λh − 12λ2h lnλh + 8λ3h − λ4h. (C2)
The parameter λh = s
eff
h /m
2
h is defined in terms of an
effective mass
√
seffh , shown for charm hadron decays in
Table III. The kinematic limits on y are 0 < y < 1− λh.
Decay
√
seffh [GeV]
D0 → νl 0.67
D+ → νl 0.63
D+s → νl 0.84
Λ+c → νl 1.3
TABLE III: Effective masses
√
seffh used to calculate the neu-
trino spectrum from charmed hadron decay [45].
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